Abstract. Neonatal rats inoculated with parainfluenza type 1 (Sendai) virus develop alveolar dysplasia and bronchiolar hypoplasia by 30 to 110 days after inoculation. Weanling rats do not develop these abnormalities. Because neonatal animals have hyporesponsive immune and inflammatory cell functions, and because neonatal rats support pulmonary viral replication for longer duration and are delayed in their viral antibody response compared to weanling rats, we compared inflammatory and immune responses of two age groups of rats following viral inoculation. Data from quantitative bronchoalveolar lavage 1 to 29 days following viral inoculation demonstrated that neonates had significantly fewer (P < 0.05) lymphocytes and macrophages in their bronchoalveolar fluid per cm2 alveolar surface than weanlings. Magnitude of neutrophil responses in neonatal rats compared to weanlings were not depressed. Pulmonary interferon activity was lower in neonates than in weanlings at 2, 3, 4, and 5 days after viral inoculation. Neonates failed to make antibody following intraperitoneal inoculation of inactivated viral antigen, whereas weanling rats had detectable viral antibody by 3 to 5 days after injection of antigen. At 90 days after inoculation of neonates, viral-inoculated rats had over 100-fold greater numbers (P < 0.05) of mast cells in enzyme-dissociated lung preparations compared to age-matched controls. Viral-inoculated rats had two-to three-fold greater densities of mast cells (#/mm) in bronchiolar walls (P < 0.02) than did control rats. We conclude that the enhanced susceptibility of neonatal rats as compared to weanling rats to Sendai virus-induced abnormalities in alveolar and bronchiolar growth is associated with a less intense pulmonary lymphocytic inflammatory cell response as well as a less effective antibody and interferon response to viral infection. Neonatal viral infection also induces persistent increases in airway mast cells that might be important in the pathogenesis of viral-induced airway hyperreactivity.
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Sendai virus (parainfluenza type 1) is a common cause of respiratory disease in rodents. Pathologic abnormalities associated with spontaneous and experimental infection have been well characterized in mice and rat^.^,^-'^,^^,^^,^^,^^,^^ In rats, Sendai virus infection induces acute bronchiolitis and pneumonia comparable to that induced in mice.s~9Jo,20 Persistent abnormalities in lung structure resulting from infection include multifocal bronchiolar and alveolar fibrosis, peribronchiolar lymphoid aggregates, and alveolar collections of macrophages that can persist for weeks to months following infe~tion.~,~JOJ~ Recent studies have indicated that neonatal rats are more susceptible to the adverse effects of viral infection than are weanling rats. Although neonatal rats inoculated experimentally at 5 days of age develop bronchiolitis and pneumonia of comparable histologic severity to that induced in weanling rats (22 to 25 days of age),loJ more serious sequelae result from infection in neonates including alveolar dysplasia and bronchiolar hypoplasia.12 Rats infected with virus at 5 days of age also have decreased alveolar surface area (compared to control rats at 110 days after inoculation) and develop mild alveolar emphysema. l 2 At least part of this enhanced susceptibility of neonatal rats to viral-induced alveolar dysplasia and bronchiolar hypoplasia can be explained by the fact that neonatal rats are in the proliferative stage of postnatal lung growth at the time of viral infection. Alveoli are growing at their most rapid rate between 4 and 13 days of life, and this is the time when pneumonia induced by Sendai virus in neonates is most severe.' Other important factors that might account for the enhanced susceptibility of neonatal rats to viral-induced lung injury include immature or hypofunctional pulmonary inflammatory responses and poorly developed immunological defense mechanisms that respond inefficiently to viral replication. Previous research with Sendai virus in neonatal and weanling rats indicates that neonates support pulmonary viral replication for a longer duration than wean-ling rats, and that neonatal rats are delayed in generating a systemic humoral response to virus compared to weanling rats.ll These observations are consistent with the possibility that neonatal rats are more susceptible to viral-induced lung injury because they have hypofunctional antiviral immune or inflammatory responses.
The objectives of this study were: 1) to compare the pulmonary inflammatory response between neonatal and weanling rats by the use of bronchoalveolar lavage following viral inoculation, 2) to compare systemic antibody responses to viral antigen and pulmonary interferon response to viral infection between neonates and weanlings, and 3) to determine whether there are persistent alterations in pulmonary inflammatory cells resulting from neonatal Sendai viral infection.
Materials and Methods

Animals and viral infection
Outbred CD rats, Crl : CD(SD)BR (Charles River Breeding Laboratories, Inc., Portage, MI) were purchased either as 21-day-old male weanlings or as pregnant females ( 12 days gestation). Weanling rats ( n = 3) and dams of the neonatal rats ( n = 2) were screened upon arrival and were negative for spontaneous pulmonary histologic lesions or serum antibodies to Sendai virus, pneumonia virus of mice, mycoplasma, Kilham rat virus, and sialodacryoadenitis virushat coronavirus. The serologic tests were conducted using enzyme-linked immunosorbent assay by the Research Animal Resource Center, University of Wisconsin-Madison. Viral serology on three control and three viral-inoculated rats was done at 90 days after inoculation as neonates. Only viral-inoculated rats seroconverted, and the only virus for which they became antibody-positive was Sendai virus.
Weanling rats were maintained in isolation rooms until they were experimentally inoculated at 25 days of age. Newborn (neonatal) rats were not disturbed until they were inoculated at 5 days of age. All rats were housed by themselves in isolation rooms throughout the experiments.
Details of the viral propagation and inoculation procedure have been previously described.rr.12 Sendai virus was propagated in 9-day embryonated chicken eggs. Rats were exposed to virus (1.34 plaque-forming units [PFU] of virus per ml of gas) in a Tri-R aerosol exposure apparatus (Tri-R Instruments, Rockville Center, NY) for 15 minutes. Control rats were exposed to saline. Lungs from three neonatal and three weanling rats were assayed for infectious virus immediately before viral inoculation and 5 days after inoculation to confirm that viral infection had occurred following inoculation in both groups and not before inoculation. Viral plaque assays were done as described previously.rr Briefly, virus from aerosol gas samples and lung homogenates were serially diluted 10-fold, and diluted samples were inoculated onto confluent Madin-Darby bovine kidney cells in 12-well plates for 1 hour at 37 C. Cell growth media was Eagle's minimum essential medium with Earle's salts and L-glutamine (EMEM) containing 10% fetal bovine serum (FBS) and 100 units penicillin, 0.25 pg amphotericin B, and 100 pg streptomycin per ml (GIBCO, Grand Island, NY). The plaque assay used an agarose overlay with 0.2 pg/ml trypsin. At 3 days after inoculation the overlay was removed, and the monolayers were stained with crystal violet to accentuate plaques.
Bronchoalveolar lavage
Rats were killed by anesthesia with intraperitoneal sodium pentobarbital, exsanguination, and pneumothorax. The trachea was cannulated, and the lungs were inflated with phosphate-buffered saline (PBS) until they filled the thoracic cavity. The saline was withdrawn with a syringe. The lavage was repeated a total of five times. The saline infused and volume recovered were recorded. Total cell counts were made with a hemacytometer. Cytocentrifuge cell samples of lavage fluid were made with a Cytospin 2 (Shandon Southern Instruments, Inc., Swickley, PA) and stained with Giemsa solution. A cell differential was calculated after counting 200 stained cells. Total cell numbers recovered per lung were calculated (macrophages, neutrophils, lymphocytes, epithelial cells, eosinophils, mast cells).
Rats inoculated with virus at 5 days of age were examined at 1,2,3,4,5,6,7,8, 1 1, 14,22, and 29 days after inoculation. Control rats for this age were studied at 1, 3, 5 , 7, and 29 days after inoculation with saline. Rats inoculated with virus at 25 days of age were studied at 2, 3, 4, 5 , 6, 7, 9, 13, 14, 22, and 26 days after inoculation. Age-matched control rats were studied at 5, 14, and 23 days after inoculation. Three rats were studied at each time point.
Because responses of rats of different age and size were being compared, normalization of cell data was required. Both magnitude of increase above control levels was determined and numbers of cells per cmz alveolar surface were determined to permit comparison between age groups. Cell numbers in lavage fluid normalized to lung weight was not used, because lung weight varies considerably depending on the amount of pulmonary hyperemia and edema that occurs during anesthesia and viral-induced inflammatory reactions. The magnitude of increase in pulmonary inflammatory cell numbers occurring in viral-inoculated animals was calculated by subtracting the cell number from control rats from the cell number from viral-inoculated rats and dividing positive numbers by the control value. In the second procedure, absolute cell numbers recovered by lavage were normalized per cm2 of alveolar surface for each age group of rats by the use of alveolar surface area data from CD rats studied in a separate research project.'* Surface area data were obtained by routine light microscopic techniques described by Weibe1.35
Pulmonary interferon activity
Interferon activity was assayed in a plaque reduction test described previously6J8 using primary fetal rat fibroblasts and the Indiana strain of vesicular stomatitis virus. The test is non-specific and detects all classes of interferon. Lung homogenates assayed were from a separate experiment that has been described." Briefly, 5-and 25-day-old CD rats were inoculated intranasally with 1 02.4 TCID,, (50% tissue culture infective doses) of Sendai virus. Lungs were collected aseptically at 0, 2, 3, 4, and 5 days after inoculation and stored at -65 C. Lung samples were homogenized, clarified, and assayed for virus. Samples were frozen again at -65 C and then thawed and pooled for the interferon assay. Homogenates from three rats were pooled for each group and time. Virus in pooled samples was inactivated by exposure to an ultraviolet light source for 40 min at 10 cm from the source. Samples were not acid treated so that the assay would detect r-interferon activity. Sendai viral inactivation was confirmed by plaque assay as described. I t Rat interferon standards were prepared by injecting 108-day-old male CD rats intravenously with 0.2 ml containing 400 pg polyinosinic-polycytidylic acid (Sigma Chemical Company, St. Louis, MO) in aqueous solution and by collecting blood for serum 2 hours later. Interferon standards and inactivated lung homogenates were diluted serially by half-long dilutions with Eagle's minimal essential medium (MEM) with 2% FBS and with 100 units penicillin, 100 pg streptomycin, and 0.25 pg amphotericin B per ml (GIBCO, Grand Island, NY). They were incubated with primary fetal rat fibroblasts in 12-well plates for 24 hours at 37 C. Cells were washed and inoculated with 50 PFU of Indiana strain of vesicular stomatitis virus and overlaid with agarose. After 48 hours, cell layers in plates were stained with crystal violet, and plaques were counted. Assays were run in triplicate. Negative interferon controls and interferon standards were run with each assay. Fifty percent plaque reduction endpoints were calculated as described.17
Antibody response to Sendai viral antigen
Weanling and neonatal rats were injected intraperitoneally (i.p.) at 25 and 5 days of age, respectively, with 100 hemagglutinin units of Sendai viral antigen. The virus was produced in eggs and inactivated by ultraviolet irradiation. Serum samples were collected from four rats in each group at 0, 3, 5, 7, and 10 days after antigen injection. Additional samples were taken from injected neonates at 14 days after injection. Serum samples were assayed for antibody to Sendai virus in an enzyme-linked immunosorbent assay (ELISA) previously described" using whole virus as the antigen.
Elastase dissociation of lung cells
CD rats inoculated with Sendai virus as neonates and agematched control rats (four in each group) were studied at 90 days after inoculation by bronchoalveolar lavage and by isolation of inflammatory cells from elastase-dissociated lung specimens. Weanling rats were not studied in this manner. The elastase dissociation technique was modified from a described procedure.16 Rats were anesthetized with 80 mg/kg sodium pentobarbital, heparinizedwith 400 units/kg i.p., and exsanguinated. The trachea was cannulated, and the pulmonary vasculature was perfused via the pulmonary artery with solution I1 (140 mM NaC1, 5 mM KC1, 2.5 mM phosphate buffer, 10 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid], 2.0 mM CaCl,, and 1.3 mM MgSO,, pH 7.4) until the lungs became blanched. Bronchoalveolar lavage was done eight times with solution I containing 140 mM NaCl, 5 mM KCl, 2.5 mM sodium phosphate buffer, 10 mM HEPES, 6 mM glucose, 0.2 mM EGTA (ethylene glycol-bis-@-amino ethyl ether),N,N'-tetra-acidic acid) at pH 7.4. This was followed by two lavages with solution 11. The lungs were inflated again with elastase (30 units/ml) in solution 11, incubated at 37 C for 20 minutes, and then minced with scissors. The minced tissue was shaken at 37 C for 30 minutes and filtered successively through two and four layers of sterile cotton gauze and then through nylon mesh filters with 100-pm and 20-pm diameter pores. The cells recovered were pelleted at 130 x g and resuspended in solution I1 twice. Total cell counts were determined with a hemacytometer, and cytocentrifuge cell preparations were stained with Giemsa. Differential cell counts were done on 200 cells per sample.
Mast cell examination and quantitation
Three sham-inoculated and three viral-inoculated rats were studied at 90 days after inoculation at 5 days of age. Lungs from the rats were fixed in modified Karnovsky's fixative and processed for light and electron microscopy as previously described."J2 At least four blocks from each lung were embedded in paraffin. Sections for mast cell quantitation were stained with Giemsa as well as with toluidine blue. Mast cells in intrapulmonary airways were quantitated (#/mm length airway) in each section on every available field of each airway including lobar bronchioles, bronchioles greater than 0.4-mm diameter, and bronchioles less than 0.4-mm diameter. A mean density of mast cells was calculated for each animal by counting mast cells in Giemsa-stained sections in sequential fields of bronchiolar wall at a final magnification of 400 and by averaging the values per high-power field. Between 20 and 100 high-power fields were counted for each of the above three airway types per rat.
Statistics
Group arithmetic means of data using values from individual rats were compared between infected and control groups or between 5-day-old and 25-day-old rats by a twosided t-test.
Results
Bronchoalveolar lavage
Weanling rats inoculated at 25 days of age (25-dayold rats) had a three-to five-fold increase in alveolar macrophages above control levels by 6 days after viral inoculation (Fig. 1) . Neonatal rats inoculated at 5 days of age (5-day-old rats) did not have an increase in numbers of alveolar macrophages recoverable by lavage until 30 days after inoculation. When macrophages recovered were normalized according to alveolar surface area, the group of 25-day-old rats had a significantly greater density of pulmonary macrophages at 6 days after inoculation than did the groups of 5-day-old rats ( Fig. 2) .
Comparable increases in neutrophils above control levels occurred in both 5-and 25-day-old groups of rats at times from 3 to 8 days after inoculation (Fig.  3) . The density of neutrophils in the 5-day-old group was greater at 3 days after inoculation than in the 25-day-old group (Fig. 4) . There was a greater than 70-fold increase in number of lymphocytes above control levels recoverable from lungs of the 25-day-old groups of rats by 8 days after viral inoculation (Fig. 5) . Five-day-old rats inoculated with virus mounted a minimal lymphocytic inflammatory response that was detectable by bronchoalveolar lavage (Figs. 5 , 6 ).
Sendai Virus in Neonatal Rats
Interferon and antibody response
Interferon activity was higher in pooled lung homogenates from groups of 25-day-old rats than from those of groups of 5-day-old rats at 2 and 3 days after inoculation. Increases in pulmonary interferon activity were detected in pooled lung homogenates from groups of 5-day-old rats at 4 and 5 days after inoculation (Fig.  7) . Five-day-old rats injected with Sendai viral antigen failed to make a detectable antibody response by 10 days after antigen injection, whereas 25-day-old rats mounted an antibody response by 7 days after injection (Fig. 8) . Five-day-old rats did not make a detectable antibody response to antigen by 14 days after injection.
Elastase dissociation of lung cells
Rats inoculated with virus at 5 days of age and studied 90 days later had increased numbers of macrophages in bronchoalveolar fluid compared to shaminoculated controls (Fig. 9) . Total numbers of inflammatory cells recovered from the lung after elastase dissociation were elevated in the virus-inoculated rats. There was over a 100-fold increase in mast cells recovered, and a three-fold increase in eosinophils ( Inflammatory cells recovered by bronchoalveolar lavage from control and viral-infected rats 90 days after inoculation at 5 days of age. Total = total cells recovered; LYMPH = lymphocytes; MAC = macrophages; PMN = neutrophils; EOS = eosinophils; MAST = mast cells. Mean values and standard deviation bars indicated. Each bar represents data from four rats. Significant differences in total cells and macrophages.
PULMONARY INFLAMMATORY CELLS ( BRONCHOALVEO LAR
Inflammatory cells recovered from elastase-dissociated lung 90 days after inoculation with saline or Sendai virus at 5 days of age. Mean values and standard deviation bars are indicated. Each bar represents data from four rats. Significant differences in total cells, eosinophils, and mast cells recovered. trols. There were no significant differences in macrophages or lymphocytes recovered from the enzymedissociated lungs of virus-inoculated and control rats.
Mast cell identification and quantitation
Mast cells were identified in paraffin sections stained with Giemsa or toluidine blue in airway walls, in perivascular connective tissue, and in subpleural connective tissue. Most mast cells did not stain with toluidine blue. Quantitation of mast cells in intrapulmonary airways in Giemsa-stained sections indicated that there was a significant increase in the density of airway mast cells in medium-sized conducting bronchioles and terminal bronchioles (Fig. 11) . These airway mast cells were studied by transmission electron microscopy and were located in bronchiolar connective tissue (Fig. 12) and in intraepithelial locations. Mast cells recovered from elastase-dissociated lung that were examined by transmission electron microscopy had granules with defects or breaks in their membranes. The internal structure of these granules was less dense and more loosely granular than those from mast cells examined in tissue. These structural changes in granules were presumed to be artifacts induced by elastase lung digestion and other manipulative procedures.
Additional histologic changes detectable in paraffin sections of lungs from virus-inoculated rats at 90 days Fig. 11 . Mast cell density in bronchiolar walls of control and virus-infected rats 90 days after inoculation at 5 days of age. Cells were counted in three sizes of bronchioles from paraffin lung sections stained with Giemsa stain. Mean values and standard deviation bars indicated. Each bar represents data from three rats. Significant differences in mast cell density in bronchioles greater than and less than 0.4 mm, but not in lobar bronchioles.
after inoculation included increased numbers of peribronchiolar and perivascular lymphoid aggregates, alveolar aggregates of macrophages, enlarged alveolar spaces, and multifocal peribronchiolar fibrosis.
Discussion
Previous experimental evidence indicated that the sensitivity of neonatal rats to Sendai virus-induced lung growth disturbances could, in part, be related to poorly developed anti-viral defense mechanisms, e g , neonatal rats support viral replication in their lungs for longer periods of time after inoculation, and they are delayed in mounting a systemic viral antibody response compared to weanling rats. There appear to be no major differences between neonatal and weanling rats in the pattern or distribution of bronchiolitis and interstitial pneumonia induced by Sendai virus.
The results of the present bronchoalveolar lavage study are consistent with the conclusion that neonatal rats mounted a less intense intrapulmonary lymphocytic and macrophage response to Sendai virus infection compared to weanling rats. Viral infection in neonatal rats also resulted in lower interferon activity in lung, and neonatal rats failed to make a detectable antibody response to viral antigen in contrast to weanling rats.
These results are consistent with results from other studies that indicate that neonatal animals make less effective specific and non-specific immune as well as inflammatory responses to injury and other stimuli than do older animals. Studies in a variety of species, including man, have shown that neonates have macrophages, neutrophils, and lymphocytes with lower activities in chemotaxis and effector function tests than are found in older animals. 1,2,13-15,25,27,31,33 Neonates are also generally less efficient in generating antibody responses to antigen than older animals, and they may have macrophages that are more susceptible to viral replication. I 9, 25, 27 Since we did not use monoclonal antibodies to identify lymphocytic subsets, and since interstitial lymphocytes and macrophages during acute viral infection were not recovered by enzymatic lung digestion, conclusions drawn on the nature of the pulmonary response must be c~n s e r v a t i v e .~~
The low number of lymphocytes in lavage fluid of viral-infected neonates could be explained by several potential mechanisms including decreased lymphocytic infiltration into the lung through pulmonary capillaries in response to inflammatory mediators, lower level of chemotactic mediator release, or by inhibition of migration of cells from the interstitium into bronchiolar lumens and alveolar spaces following migration through capillaries and venules. Qualitative electron microscopic studies on bronchiolitis and pneumonia induced by Sendai virus in rats reveal the presence of lymphocytes in pulmonary interstitium of both neonates and weanlings, but quantitative studies have not been conducted. The low number of macrophages in lavage fluid could be explained by decreased infiltration and local division of macrophages in response to viral infection and/or by viral-induced injury to macro phage^.^^,^^ There was no difference in the magnitude of neutrophi1 infiltration into the lung between neonatal and weanling rats following viral infection. When the data were normalized for alveolar surface area, there were actually significantly greater neutrophil densities in the viral-infected neonatal lung. Previous bacteriologic studies on Sendai virus-infected neonatal rats have failed to reveal bacterial superinfection that could explain the neutrophilic response." It is possible that neonates are able to produce adequate quantities of chemotactic factors such as complement fragments and leukotriene B, to recruit neutrophils into the lung following viral infection.
The bronchoalveolar lavage and elastase dissociation of lungs from rats 90 days after viral infection showed increased numbers of alveolar macrophages recovered from lungs of virus-inoculated rats that correlate well with multifocal aggregates of alveolar macrophages seen histologically in rats following Sendai virus infe~tion.~ Increased numbers of peribronchiolar lymphoid aggregates were seen histologically in rats at 90 days after viral inoculation as described by others following Sendai viral i n o c u l a t i~n . *~~~~~
Although mean values of recovered lymphocytes from elastase-dissociated lung were higher in the virus-inoculated rats, there was no statistically significant difference.
The most surprising finding from the elastase dissociation studies was the increased numbers of mast cells and eosinophils recovered from viral-infected rats 90 days after inoculation. The increased recovery of mast cells in enzyme-dissociated lung correlated with increased densities of mast cells in bronchiolar walls. The granules in these mast cells stained more consistently with Giemsa stain that they did with toluidine blue following glutaraldehyde-formaldehyde fixation. This staining feature is most typical for mucosal mast cells in rats, rather than connective tissue mast Many examples of tissue stimuli and injuries have been described experimentally that will increase local mast cell number^.^,^ These include Nippostrongylus brasiliensis infection in intestine, pulmonary asbestosis, and bleomycin-induced pulmonary fibrosis. Local factors and cells identified that may regulate mast cell differentiation from circulating bone marrow-derived precursors and mast cell hyperplasia (or mastocytosis) include interleukin-3, T cells, and substance-P containing nerve^.^,^,^^ It is unclear whether the increase in mast cells in airways following Sendai virus infection is a non-specific response to pulmonary inflammation, or whether it is a more specific response to neonatal viral lung injury. The observation of increased airway mast cells following neonatal viral bronchiolitis and pneumonia is interesting, however, because of persistent airway function abnormalities that are recognized as occurring as a sequelae of viral bronchiolitis in children.21 Children under 2 years of age who develop severe bronchiolitis following infection with respiratory syncytial cell~.3,4,17,22 virus or parainfluenza v i r~s~' ,~~ often develop hyperreactive airway disease characterized by exaggerated bronchoconstriction and increased airway resistance in response to mild stimuli such as cold air or methacholine. This initial observation of Sendai virus-induced mast cell hyperplasia is a potentially important one, since it suggests one mechanism by which early viral-induced airway injury could contribute to exaggerated bronchoconstriction. If viral airway injury during early life leads to an increase in numbers of airway mast cells, mild airway stimulation could lead to mast cell degranulation, mediator release, and exaggerated airway smooth muscle contraction. Additional studies will be required to determine whether Sendai virusinduced increases in airway mast cells have any functional significance.
